Abstract. Early detection through screening plays a major role in reducing the impact of cervical cancer on patients. When detected before the invasive stage, precancerous lesions can be eliminated with very limited surgery. Polarimetric imaging is a potential alternative to the standard screening methods currently used. In a previous proof-of-concept study, significant contrasts have been found in polarimetric images acquired for healthy and precancerous regions of excised cervical tissue. To quantify the ability of the technique to differentiate between healthy and precancerous tissue, polarimetric images of seventeen cervical conization specimens (cone-shaped or cylindrical wedges from the uterine cervix) are compared with results from histopathological diagnoses, which is considered to be the "gold standard." The sensitivity and specificity of the technique are calculated for images acquired at wavelengths of 450, 550, and 600 nm, aiming to differentiate between high-grade cervical intraepithelial neoplasia (CIN 2-3) and healthy squamous epithelium. To do so, a sliding threshold for the scalar retardance parameter was used for the sample zones, as labeled after histological diagnosis. An optimized value of ∼83% is achieved for both sensitivity and specificity for images acquired at 450 nm and for a threshold scalar retardance value of 10.6 deg. This study paves the way for an application of polarimetry in the clinic.
Introduction
Cervical cancer continues to be a major public health issue. In the vast majority (95% to 98%) of cases, cervical cancer is due to a chronic infection by various types of human papilloma virus (HPV), especially HPV-16 and HPV-18. 1 Cervical cancer screening-primarily through the Papanicolau (Pap) test and followed, if necessary, by colposcopy-has reduced the incidence of this cancer in developed countries. However, it remains the second most common type of cancer in women worldwide due to its high incidence in low-and middle-income countries which lack the necessary resources and infrastructure to conduct regular, high-quality screening. 2 The recent introduction of vaccines against HPV 3 (which are preventive but not curative) does not eliminate the need to improve the management of this pathology in large, susceptible populations. Moreover, these vaccines do not offer full protection against all types of HPV.
After HPV infection occurs, the precancerous transformation of the cervix [cervical intraepithelial neoplasia (CIN)] starts in the cells near the basal membrane at the bottom of the squamous epithelium, and then progresses toward the surface. The lesion is classed as CIN1 or CIN2 if this transformation affects onethird or two-thirds of the epithelium thickness, respectively, and CIN3 if the entire thickness of the epithelium is affected.
The disease can evolve from a high-grade dysplasia (CIN3) to an invasive cancer if the basal membrane is broken and malignant cells spread in the connective tissue underlying the epithelium. Typically, the evolution from an HPV-infected epithelium to an invasive cancer is very slow (10 to 15 years) making cervical cancer an ideal case for prevention and management by screening. The current recommendation for women with an abnormal Pap smear is a colposcopy consisting of the examination of the cervix by means of a low magnification microscope (colposcope) after successive applications of acetic acid and iodine. Areas whitened by the acetic acid and which are iodonegative are biopsied to definitively confirm the presence of a malignant transformation. The abnormal zone is surgically removed (conization) if biopsies reveal the presence of a high-grade dysplasia. Taken alone, colposcopy is strongly operator-dependent, with only 60% to 70% sensitivity and 50% specificity for CIN 2-3 detection. [4] [5] [6] Moreover, the margins of the surgical resection under colposcopy are not well-defined due to the difficulty of correctly identifying the limits of a suspicious area. A dramatic improvement in colposcopy performance is needed to make screening both more effective and less expensive. If this can be achieved, it may be incorporated as part of an economically viable "screen-andtreat" approach in low-and middle-income countries.
Several optical techniques have been explored to improve the performance of colposcopy, such as spectrally resolved reflectance, fluorescence imaging, in vivo confocal microscopy, and optical coherence tomography. [7] [8] [9] [10] [11] [12] [13] Another such technique is the polarimetric imaging, and it shows tremendous potential for biomedical applications for several reasons: (i) it exploits the polarization of light, which is sensitive to morphological changes in the structure of tissues on a microscopic scale, (ii) it is a noninvasive technique, (iii) it provides wide field images (up to 20 cm 2 ) for the screening of large areas, and (iv) it can be easily implemented using conventional low cost white light sources such as light-emitting diodes (LEDs) or halogen lamps. Recent studies demonstrated that polarimetric imaging is a promising technique to distinguish between healthy and pathological areas 14 on a striking variety of tissues: skin, 15 intestine, 16 colon, 17 rectum 18 and cervix. 19 In this study, the uterine cervix has been analyzed using Mueller polarimetric imaging. In previous work 19 the birefringence of tissue has been identified as one of the most relevant polarimetric parameters to detect precancerous zones on the uterine cervix. Healthy tissue displayed a strong birefringence, which was considered to be the signature of the structured and ordered collagen forming the connective tissue beneath the epithelium. 20 A precancerous evolution in the epithelium can degrade the collagen fibers in the nearby connective tissue, 21 with the consequence of a decrease in the anisotropy, and thus the birefringence of tissue.
The aim of the current work is to quantify these previously presented findings. Polarimetric images obtained for seventeen specimens of conization have been compared with the results of histological diagnoses, which is considered to be the "gold standard." In the present study, the specimens are classified according to maps of their scalar retardance values, as obtained through Mueller polarimetry. These data are then used to calculate two statistical figures of merit of the technique (sensitivity and specificity) at different acquisition wavelengths, and therefore, evaluate the performance of multispectral Mueller polarimetric imaging in distinguishing between high-grade dysplasia (CIN 2-3) and squamous healthy tissue.
The paper is structured as follows: Sec. 2 describes the collection of experimental data and the chosen statistical analysis method. In Sec. 3 the results are then presented in the form of both scalar retardance images and sensitivity and specificity curves for measurement wavelengths of 450, 550, and 600 nm. The Sec. 4 summarizes our conclusions and outlines perspectives for further development.
Methods

Polarimetric Setup and Data Treatment
The multispectral imaging Mueller polarimeter in backscattering configuration used for the ex vivo analysis of specimens of the uterine cervix has been described in Ref 22 . For completeness, the main characteristics of the setup are recalled here. This Mueller polarimeter is based on two ferroelectric polarization modulators, and is calibrated using the eigenvalue method described in Ref. 23 . A LED generating incoherent white light is used to illuminate the sample. The light impinging on the tissue is modulated by using a polarization state generator (PSG) consisting of a linear polarizer and two voltage-driven ferroelectric liquid crystals (LC). Each LC works essentially as a wave plate with fixed retardation whose fast axis orientation switches between 0 deg and 45 deg. The light backscattered by the sample is analyzed with a polarization state analyzer (PSA) which is a mirror image of the PSG, composed of the same optical elements placed in reverse order. In the detection arm, the sample is imaged through the PSA onto a charge-coupled device camera (Stingray F080B, 800 × 600 pixels) by means of an imaging lens (to optically "reject" the sample at infinity). A photodiode is installed in close proximity to the source to monitor the stability of the emitted light intensity during the measurement. A filter wheel in the PSA arm holds the wavelength filters, and a second wheel in the PSG arm holds the dichroic retarders used for the calibration of the polarimeter and the shutter used for the measurement of ambient light (noise). The range of wavelengths varies from 450 to 700 nm in steps of 50 nm using 40 nm wide interference filters. The choice of a broad band optical filter allows to maximize the signal to noise ratio of the detected signal and to avoid the speckle formation when using a coherent light source. The optically thick biological tissue is a highly scattering medium with the dominance of multiple scattering. Hence, the use of narrow band filter will significantly cut the intensity of the backscattered signal.
When incident spatially coherent light beam scatters on static objects the formation of the speckle pattern is observed due to the interferences. Illuminating the object with polychromatic light leads to the creation of uncorrelated patterns at different wavelengths. As there is no interference between the waves with different wavelengths, their intensities are summed incoherently, erasing speckle patterns.
Sixteen images corresponding to four different input and output polarization states are acquired to measure the Mueller matrix of the sample at each wavelength. The ferroelectric LCs used in the PSG and PSA allow rapid polarization modulation, consequently, the acquisition of these 16 images takes less than 2 s.
Analysis of Polarimetric Images
In this study, the Lu-Chipman algorithm 24 has been used for the polar decomposition of the measured Mueller matrix M into the product of three matrices for each pixel of the image E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 3 4 8
where M Δ , M R , and M D are the Mueller matrices of a depolarizer, a retarder, and a diattenuator, respectively. The depolarization and retardance values are found to be the important parameters for the polarimetric analysis of the uterine cervix, the diattenuation values being negligible for these samples. The depolarization power is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 2 5 2
where a, b, and c are the eigenvalues of M Δ . The scalar retardance is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 1 8 7
where trðM R Þ is the trace of the retarder Mueller matrix M R .
Surgical Tissue Samples and Histopathological Mapping
The current work includes a total of seventeen conization specimens obtained as part of a larger study conducted on the
Journal of Biomedical Optics 071113-2 July 2016 • Vol. 21 (7) premises of the University Hospital of Kremlin-Bicêtre. Patients included in the study have been scheduled for a preventive surgical excision of the uterine cervix following a standard medical procedure (e.g., after detection of abnormal cells by the Pap smear followed by detection of a high-grade lesion by colposcopy and biopsy). Occasionally surgical tissue samples were removed for other clinical purposes (total hysterectomy) providing healthy, uninfected uterine cervix specimens. Measurements on the surgical samples were performed in the department of anatomic pathology after fixation in formalin and prior to further processing by pathologists according to the conventional protocol. Fixation time was set to 24 h after reception of the fresh sample in the department.
For an accurate histopathological mapping of the precancerous lesions in the polarimetric images, a special procedure has been designed, as described in detail in Ref. 22 . Before the polarimetric measurements, superficial precuts were made on the fixed sample to mark the approximate position of the future histological slides. After the polarimetric measurement, the specimen was cut along the precut lines into pieces of ∼2 mm in thickness. These pieces were then enclosed in paraffin. A microtome LEICA RM2155 was used to prepare the histological slides. These slides were digitized using a commercial slide scanner LEICA Aperio CS and annotated by an expert pathologist. For this study, the epithelia were classified into one of the categories summarized in Table 1 -healthy squamous epithelium (EMS) considered to be the normal state of the cervical epithelium;
-benign epithelial modifications: glandular epithelium (EGL) usually found in the endocervical canal but which can migrate outside over the course of a woman's life, and squamous metaplasia (MEM) corresponding to the rebuilding of the squamous epithelium on the top of the EGL stimulated by the acidic environment of vagina;
-pathological epithelia subdivided into low-grade (signs of infection with the HPV, CIN1) and high-grade precancerous lesions (CIN2-3).
Once the histological slides have been interpreted and labeled, the end points of each annotated segment of epithelium are projected onto the image plane along a line as shown in the top part of Fig. 1(b) . The lines, marked according to the pathologist's analysis of the slide, are then placed in the vicinity of the image of the precut line to construct a histopathological mapping of the sample [ Fig. 1(a) ].
Before cutting the microscopy histological slides, the trimming of thick pieces of tissue is performed with microtome. It involves the removal of the material from cross-sectional cuts of thick piece until a flat surface is obtained. This procedure leads to a 200-to 500-μm wide window of positional uncertainty for the real cut [shown as a white rectangle in Fig. 1(a) ], which translates to an unavoidable uncertainty in the proper placement of the histological diagnosis lines on the polarimetric image. An equivalent uncertainty exists for the placement in vertical direction [white arrow in Fig. 1(a) ].
Histopathological Zones
Histological mapping is used to compare the measured polarimetric contrasts (obtained from the retardance and depolarization images) to the "gold standard" diagnosis provided by the pathologist. In a previous study, 22 a statistical population of pixels corresponding to the projected marked lines was considered. This projection method suffers from two main drawbacks. Table 1 ). The white box in (a) shows the uncertainty in the horizontal position of the third precut projection line. The white double arrow illustrates the uncertainty in the vertical position.
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-an uncertainty linked with the projection procedure. The orientation of the histological cut with respect to the image plane is not well known, especially for slides consisting of two separated parts (when the cut goes through the endocervical canal).
In order to avoid these systematic effects, another method of the statistical evaluation is implemented in this study. It consists of selecting subzones of the polarimetric image between two adjacent lines marked by the same histological diagnosis. Figure 2(a) gives an example of one such selected zone (marked in red), located between the corresponding parts of the adjacent lines having the same CIN3 annotation. It is then assumed that with a high degree of certainty there is no variation of the histological type of epithelium in the selected subzone.
Results and Discussion
It is known that CIN3 lesions are considered as the life threatening conditions which require a surgical intervention, while for low grade CIN1 lesions, watchful waiting is often the best strategy. That is why in this study we only attempt to distinguish between the polarimetric response of healthy tissue (EMS) and high-grade neoplasia CIN 2-3, expecting the high grade lesions to have a stronger polarimetric contrast. For the moment, we do not include in the analysis the areas containing benign epithelia (MEM and EGL), HPV-infected epithelia, or low-grade dysplasia CIN1.
Our preliminary studies 19 performed on fresh conization specimens showed that for binary (healthy-CIN3) classification the tissue scalar retardance R is the most relevant parameter. Simultaneously, the subtle staging of neoplastic lesions as well as the discrimination of some benign lesions is rather related to the tissue depolarization power Δ [e.g., ΔðCIN3Þ < ΔðCIN2Þ < ΔðCIN1Þ < Δ (healthy squamous epithelium)]. It was reported that tissue fixation in formalin increases the light scattering and, consequently, the depolarization of light backscattered by tissue. 25 That is why we did not use the parameter Δ (depolarization power) for CIN staging and focused our studies on binary image segmentation.
To compute sensitivity and specificity, the statistical population of pixels is provided by subzones selected as described in Sec. 2.4. The polarimetric diagnosis map is calculated using the scalar retardance R images in the following way: in a precancerous subzone, pixels with R value lower than the threshold are considered as true positives (TP), while in a healthy region, pixels with a R value higher than the threshold are considered as true negative (TN). False positive (FP) pixels are those which were identified as diseased by polarimetric analysis (R < R threshold ), but were labeled as healthy by histological diagnosis. False negative pixels (FN) are those which were considered healthy by polarimetric analysis (R > R threshold ) but were tagged as CIN3 by histological diagnosis. Sensitivity and specificity are then obtained according to the Eqs. (4) and (5):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 6 9 7 Se ¼
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 6 5 7 Sp ¼
The total number of pixels included in the analyzed zones is slightly over 163,000, of which about 35,000 were labeled as CIN2-3 and 128,000 as healthy by histological analysis. For this sample set of pixels, each clearly associated with a histopathological diagnosis, the accuracy of the polarimetric imaging diagnostic technique is optimized by applying a sliding threshold to the R values when classifying the pixels.
Figures 2(b)-2(d) show the polarimetric diagnostic binary segmentation of the conization sample image shown in Fig. 2(a) for the threshold values of R threshold ¼ 8.9 deg at wavelength 550 nm, R threshold ¼ 10.1 deg at wavelength 450 nm, and R threshold ¼ 9.2 deg at wavelength 600 nm, respectively. Pixels with scalar retardance values above and below the threshold are highlighted in green and red, respectively.
The segmentation of the retardance R image taken at 550 nm [ Fig. 2(b) ] is very similar to that of the retardance image taken at 600 nm [ Fig. 2(d) ]. The red zone marked as the diseased one (CIN 3) on the retardance image taken at 450 nm [ Fig. 2(c) ] visually occupies larger area compared to the images taken at 550 and 600 nm. We attribute this effect to the different (7) penetration depth of the probing light. The mole extinction coefficient of hemoglobin, which is the main source of light absorption in tissue, drops with the increase of measurement wavelength. Therefore, at longer wavelengths we collect the light which penetrates deeper and the impact of underlying layers on the detected signal becomes dominant. The spectral dependence of the segmentation will also help to stage the lesions: superficial versus locally advanced ones.
To determine the optimum retardance threshold for separating healthy and CIN2-3 regions, both sensitivity and specificity curves were calculated as a function of the threshold. Figures 3(a), 3(c) , and 3(e) show such curves for three different measurement wavelengths: 450, 550, and 600 nm, respectively.
For low threshold values, all "healthy" pixels are correctly classified, leading to a low false positive rate (specificity is near unity), but many CIN2-3 pixels may be misclassified, leading to a high false negative rate (sensitivity is near zero). In contrast, an overly high threshold value results in low specificity and high sensitivity values. The crossing point (P c ) of the two curves provides an optimal performance threshold, balancing both metrics [see Figs. 3(a), 3(c), and 3(e) ]. For example, at 550 nm, a R threshold value of 8.9 deg leads to 78.7% of both sensitivity and specificity.
The statistical accuracy of the technique is improved by removing from sampling any pixels with a significant contribution of specular reflection, which masks the contribution of volume light scattering to the measurement of polarimetric parameters. These pixels can be identified with a high degree of confidence by using the depolarization power parameter Δ from the Lu-Chipman polar decomposition. Indeed, specular reflection adds a completely polarized component to the light backscattered by the tissue, thus lowering the depolarization power Δ value. Typical values of Δ -as observed in 17 fixed conization samples-vary between 0.65 and 0.9. We, therefore, assume that pixels having a depolarization power Δ < 0.65 are "contaminated" by some specular reflection, and then we removed them from the initial statistical sample.
The results at the point P c obtained for the sampling with and without the pixels affected by the specular reflection are summarized in Table 2 for three measurement wavelengths.
It can be seen that the classification performance is improved when removing the pixels affected by specular reflection. The best performance is achieved at λ ¼ 450 nm, with values of more than 83% for both sensitivity and specificity.
This statistical performance can also be displayed by a receiver operating characteristic (ROC) curve, as shown for each wavelength in Figs. 3(b), 3(d), and 3(f) . This curve allows one to compare the performance from different classifiers and is commonly used to assess the quality of a diagnostic test. The ROC curve shows Se values as a function of 1-Sp values. The line with equation Se = 1-Sp shows the performance of a perfectly random test. Different criteria can be extracted from ROC curve in order to choose the best classifier depending on the purpose. For example, the area under the curve (AUC) is often used as a simple metric to compare classifiers on the whole range of sensitivity and specificity values while the Youden index 26 gives the best achievable compromise between sensitivity and specificity for a given classifier. The Youden index is equal to Se + Sp−1 and represents the distance between the test ROC curve and the random test line in the ROC space.
Taking both the AUC and the maximal Youden index as performance indicators for the classification test, we obtain the data shown in Table 3 for the different measurement wavelengths.
In our case, the evolution of AUC parameter with wavelength provides a global vision of the test performance compared with the evolution of punctual values of Sp and Se at P C . We find the same trend as before: the best performance is obtained at 450 nm but the influence of specular reflections is also bigger at this wavelength. In a medical setting, the classifier will be implemented at a particular, previously chosen, threshold value. The Youden index is the best to evaluate this optimal value. We see that the threshold values of R (shown in Table 3 ) are slightly higher than the corresponding values for P C . The gain in sensitivity is higher than the loss of specificity while changing the threshold between the two values. For example, at 450 nm we obtain the values of Se ¼ 92.0% and Sp ¼ 77.6% calculated with R threshold ¼ 13.0 deg for the set of image pixels with Δ > 0.65. The ROC curve is a benchmarking tool independent of the choice of the classification parameter. Using normalized values obtained on the basis of the ROC curves, the rather simple thresholding approach presented here can be compared, in the future, with more complex classification algorithms which combine several polarimetric parameters.
Conclusions
In this work, polarimetric imaging has been used to obtain maps of the scalar retardance of the uterine cervix, and the effectiveness of using such maps to distinguish precancerous zones of high-grade CIN2-3 from healthy EMS zones has been statistically evaluated. For 17 studied fixed conization samples, an averaged value of both sensitivity and specificity of 83% have been achieved at a measurement wavelength of 450 nm (after the elimination of the contribution of specular reflections) using the scalar retardance parameter value obtained from Lu-Chipman decomposition.
The best performance of the proposed optical technique in terms of sensitivity and specificity [Eqs. (4) and (5)] is obtained at shorter wavelengths because the precancerous transformations of epithelium affect first the collagen layer restricted to a shallow area underneath the epithelium (∼300 − 500 μ m).
20,21
The further modifications of deeper tissue layers can be taken into account when probing the sample with larger wavelengths of the light.
A single optimum threshold value of R threshold ¼ 10.6 deg has been found for all analyzed samples when sampling the pixels belonging to areas between two adjacent histological slides that possess the same histological diagnosis.
These results allow one to evaluate the technique itself, as well as to understand the limits of Mueller polarimetric imaging as a diagnostic tool. The characterization of the polarimetric signature of benign alterations (metaplasia MEM and glandular EGL) and low-grade precancerous lesions (CIN1), must be done as a future refinement of the technique. For in vivo applications of our optical technique the analysis of both scalar retardance and depolarization power values 17, 27 may provide the necessary information for both cervical cancer diagnosis and staging.
Notwithstanding these remaining challenges, the Mueller matrix polarimetric imaging technique has been shown to be quantifiably effective in accurately distinguishing between healthy and diseased zones of the uterine cervix. Furthermore, it has done so using a fast wide field noninvasive imaging method, making it a promising future tool for the early detection of cervical cancer.
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